Mitochondrial cytochrome-b (Cytb) and control region (CR) sequence data were used to investigate the phylogeography of the disjunct population of southern flying squirrels (Glaucomys volans) from Nova Scotia. Consistent with previous studies, there is little differentiation in Cytb sequences (0-1.3% sequence divergence) across the entire range of G. volans in North America. Nested clade phylogeographic analysis of CR sequences (which exhibited 0.5-5.7% sequence divergence) provided a finer scale of differentiation and allowed for inferences to be made regarding the phylogeographic history of the population from Nova Scotia. We propose that G. volans rapidly expanded its range from a southern refugium after the Wisconsin glaciation (;12,000 years ago) and was then isolated in southwestern Nova Scotia during subsequent climactic fluctuations. More specifically, the population from Nova Scotia was isolated from extant populations in Ontario by the loss of intermediate populations. Although the population of G. volans in Nova Scotia would not be considered an evolutionarily significant unit under some definitions, examination of CR sequence data suggests that this population may nevertheless be diverging from other populations.
The southern flying squirrel (Glaucomys volans L.) was 1st recorded in Nova Scotia in the 1970s. Before a recent livetrapping and public awareness campaign (Lavers et al. 2006) , only 20 specimens had been recorded from 7 locations within the province. The number of substantiated reports has since increased to 135, including 11 additional locales (Lavers et al. 2006) . Examination of the available data suggests that the population of G. volans from Nova Scotia is restricted to the southwestern portion of the province. This population is isolated from the main range of G. volans by the Bay of Fundy and by inhospitable habitat on the Isthmus of Chignecto, which connects Nova Scotia to New Brunswick. The main range of G. volans extends throughout eastern North America from southern Ontario and Quebec, in Canada, to Florida and Texas, in the United States (Dolan and Carter 1977) . Additional disjunct populations exist in Mexico, Guatemala, and Honduras (Dolan and Carter 1977) . G. volans is closely associated with deciduous-hardwood forests, relying on cavities for nesting and nuts, primarily from oak (Quercus), beech (Fagus), and chestnut (Castanea), to survive winters (Dolan and Carter 1977) . Because the species is active all year, storable mast may be a critical factor limiting the northern distribution of G. volans in Nova Scotia and elsewhere (Muul 1968) .
The phylogeography of North American flying squirrels (Glaucomys) has already been investigated using mitochondrial DNA sequence data. Arbogast (1999) used a 315-base pair (bp) fragment of the cytochrome-b (Cytb) gene to examine relationships within and between northern flying squirrels (G. sabrinus Shaw) and G. volans. Because of low levels of sequence divergence within G. volans, Arbogast (1999) suggested that the species had undergone a population bottleneck in a southern refugium during the Wisconsin glaciation. He further postulated that as the glaciers retreated, G. volans rapidly expanded its range (Arbogast 1999) , a process that can lead to a reduction in genetic variation (Hewitt 1996) . The same argument has been used to explain low levels of variation in G. sabrinus as well (Arbogast 1999; Bidlack and Cook 2001) .
Two objectives motivated the current study. The 1st was to use mitochondrial Cytb and control region (CR) sequences to examine genetic variability of the disjunct population of G. volans in Nova Scotia, which was not included in Arbogast's earlier survey. The 2nd objective was to use nested clade phylogeographic analysis (see Templeton 1998 Templeton , 2004 ) to test hypotheses regarding the historical biogeography of this population. Baseline genetic data and an understanding of the historical and current influences on genetic variability will be essential for developing a sound conservation strategy for this isolated and little-studied population.
MATERIALS AND METHODS
Sample collection.-Tissue samples from G. volans were obtained from a variety of sources. In Nova Scotia, G. volans was livetrapped and approximately 25 ll of blood was drawn and fixed onto FTACards (Whatman, Inc., Florham Park, New Jersey). Additional tissue samples were obtained from specimens killed by cats and donated by owners of the cats (see Lavers et al. 2006) . Tissue samples originating from outside of Nova Scotia were contributed from researchers at Trent University and the University of Guelph in Ontario and from Abilene Christian University in Texas. These samples were preserved in ethanol. Global positioning system location data were obtained for all samples. All livetrapping was carried out in accordance with the guidelines of the Canadian Council on Animal Care as well as the guidelines of the American Society of Mammalogists (Animal Care and Use Committee 1998) .
DNA isolation and amplification.-Blood samples on FTACards were washed as per the manufacturer's instructions and used directly in the polymerase chain reaction. Tissue samples were stored at À208C or in ethanol until DNA was isolated using the method of Miller et al. (1988) .
Portions of the mitochondrial Cytb and CR were amplified using the L14724 and CB2-3 (Irwin et al. 1991) , and tRNA Pro and CSB-F primers (Stewart and Baker 1994) , respectively. The following concentrations and reaction conditions were used for both primer sets. Reaction volumes of 50 ll contained 10 mM Tris-HCl (pH 9), 50 mM KCl, 0.1% Triton X-100, 2.5 mM MgCl 2 , 2.5 mM of each deoxynucleoside triphosphate, 10 mM of each primer, and 1.5 units of Taq DNA polymerase (Promega, Madison, Wisconsin). The amount of template DNA used varied greatly, but the average amount per reaction was approximately 25 ng. Amplifications were conducted in a MJ Research PTC-100 thermocycler (Bio-Rad Laboratories, Hercules, California) using the following conditions: 948C for 180 s, 45Â (948C for 30 s, 508C for 60 s, and 728C for 120 s), and 728C for 240 s. Polymerase chain reaction products were gel purified (QIAquick gel extraction kit, Qiagen Inc., Mississauga, Ontario, Canada) and sequenced on an ABI 3100 Genetic Analyzer (Applied Biosystems, Lincoln City, California). Additional Cytb sequences of G. volans (n ¼ 24) were downloaded from the GenBank database (http://www.ncbi.nlm.nih.gov/). Of these, 22 were generated by Arbogast (1999) and Arbogast et al. (2005) and 1 each by Harrison et al. (2003) and Montgelard et al. (2002) . Two specimens of G. sabrinus (AY94867 and AF359211) and 1 of the Indochinese flying squirrel (Hylopetes phayrei; AB126252) were used as sister group and outgroup, respectively (see Arbogast et al. [2005] for rational).
Phylogenetic analysis.-Traditional phylogenetic methods for tree building were used to analyze both the Cytb and CR data sets and implemented in PAUP vers. 4.0b (Swofford 1993) . Because there was little variation in topology, only the neighbor-joining trees are shown here. For both data sets, the hierarchical log-ratio test results from the program ModelTest 3.06 (Posada and Crandall 1998) were used to choose the model that best fit the data. Ten thousand bootstrap replicates were used to test the neighbor-joining trees for robustness.
Nested clade phylogeographic analysis.-Nested clade phylogeographic analysis (Templeton 1998 (Templeton , 2004 Templeton et al. 1995 ) was applied to a set of 66 CR sequences from Nova Scotia and Ontario.
The program TCS vers. 1.13 (Clement et al. 2000) was used to build a haplotype network and to calculate the parsimony limit of the network using statistical parsimony. TCS calculates the probability that pairs of haplotypes are similar for all combinations of haplotypes and then joins the most similar haplotypes together into a network until their combined probability exceeds 95% (Templeton et al. 1992 ). The number of mutational steps required to reach the 95% probability criterion is known as the parsimony limit (Templeton et al. 1992) . Statistical parsimony was chosen over alternative methods of network building because it may be better for evaluating the robustness of trees built from data containing relatively few parsimony-informative sites, as is often the case with intraspecific phylogenies (Clement et al. 2000; Templeton et al. 1992; Templeton and Sing 1993) . The resulting haplotype network was then used to construct a set of nested clades following the method of Templeton and Sing (1993) . There is currently debate regarding the effect that the nesting strategy used can have on the inferences drawn from the analysis, particularly when there are ambiguous connections within the network (Cassens et al. 2003; Masta et al. 2003) . In this data set, there was 1 possible reticulation (i.e., more than 1 possible set of connections among haplotypes). This ambiguity was resolved by using the topology observed when the network was constructed using only samples from the population from Nova Scotia, which was sampled much more extensively than the population from Ontario. As suggested by Templeton (1998) , the entire network was then rooted using a maximum-likelihood tree (not shown, but identical to the neighbor-joining tree). This led to clade 4-2 being coded as an interior clade and clade 4-1 as a tip clade in the final step (see Templeton et al. [1995] for an explanation of interior and tip clades).
Having established a network and nesting strategy, 3 distance measures were calculated: (1) clade distance (D c ) is the average distance of a haplotype from the geographical center of all identical haplotypes; (2) nested clade distance (D n ) is the average distance of a haplotype from the geographical center of the clade in which it is nested; and (3) interior-tip distance, which is the average distance of the interior clades (or haplotypes) minus the average distance of the tip clades to the geographical center of the clade. Measures 1 and 2 correspond to the geographical spread of a clade (i.e., the geographical association of a haplotype or clade with respect to the clades in which it is nested). The interior-tip distance measures the contrast in geographic distribution of older and younger clades (and haplotypes). According to coalescent theory, older clades should be interior to younger clades (Castelloe and Templeton 1994; Crandall and Templeton 1993) . To test the significance of the parameters, each distance statistic was compared to a null statistic created by randomly assigning haplotypes to localities (10,000 permutations) using the program GeoDis vers. 2.0 . To interpret the results, Templeton's most recent inference key was used (Templeton 2004) .
Range expansion analysis.-The program Arlequin (ver. 2.000- ) was used to test hypotheses regarding range expansion in the CR data set. In clades for which the nested clade analysis inferred range expansion, pairwise mismatch distributions were used to test the hypothesis of sudden range expansion (Rogers and Harpending 1992; Slatkin and Hudson 1991) . This distribution is the observed frequency of differences between pairs of haplotypes and is expected to be unimodal in populations that have undergone a recent rapid expansion (Slatkin and Hudson 1991). The observed distribution was compared to the simulated model of expansion using sum of squared deviations. When the observed data are not significantly different than expected (i.e., fits the sudden expansion model) an estimate of the time of expansion can be obtained using the parameter tau (s) and the formula s ¼ 2ut, where u is the mutation rate for the sequence and t is the expansion time in generations . A conservative estimate for the mutation rate in Glaucomys of 33% per million years was used. This is based on published rates for human CR Ward et al. 1991) and resulted in an estimate for u of 6.8 Â 10 À5 mutations/ generation (u ¼ 1.65 Â 10 À7 mutations nucleotide À1 generation À1 Â 414 nucleotides).
RESULTS
Cytochrome-b.-A total of 29 G. volans were analyzed using a 315-bp portion of the Cytb gene (for GenBank accession numbers and capture locations see Appendix I). Pairwise sequence divergence for the 29 samples of G. volans ranged from 0% to 1.5% (0.6% 6 0.3%, X 6 SE). Little sequence divergence was observed between samples from Nova Scotia and Ontario (0.3% 6 0.2%). This small degree of differentiation was reflected in the phylogenetic trees generated from the data (Tamura-Nei model [Tamura and Nei 1993 
, which exhibited little structuring and low bootstrap support for most clades (Fig. 1) .
Control region.-Samples from across the known range of G. volans in Nova Scotia (n ¼ 53) were analyzed in addition to 13 individuals from Ontario and 1 from Arkansas for a total of 67 individuals. The CR fragment that was amplified was 482 bp long. However, the primers were trimmed off and ambiguous sites were excluded, which reduced the number of nucleotides used to 414. The average pairwise distance among samples was 0.8% 6 0.2% within Nova Scotia and 2.0% 6 0.4% within Ontario. The average pairwise distance between the samples from Nova Scotia and Ontario was 1.7% 6 0.4%. Average distance between samples from Nova Scotia and the single sample from the United States was 5.5% 6 1.1%. This was approximately half the difference observed between Canadian G. volans and G. sabrinus (10.0% 6 1.3%).
Thirty-one haplotypes were identified from Canada (GenBank accession numbers AY928943-AY928973; Table 1 ; Appendix I), 20 of which were found in Nova Scotia. No identical haplotypes occurred in both regions. Within Nova Scotia, haplotypes Hap1 and Hap11 were most common and occurred in 58.5% of the individuals sampled. Four other haplotypes occurred in more that 1 individual (i.e., Hap5, n ¼ 2; Hap19, n ¼ 2; Hap23, n ¼ 4; and Hap28, n ¼ 2). The remainder were found in 1 individual only. Several of these unique haplotypes were identified from locations where only 1 specimen was collected (i.e., Hap8, Hap10, and Hap18 from Hibernia, Lequille, and Falmouth, Nova Scotia, respectively). Because sampling was much less intensive in Ontario, most haplotypes from that province occurred in a single individual.
Traditional phylogenetic methods resulted in largely unresolved cladograms with a topology that weakly suggests 2 clades, 1 primarily for samples from Nova Scotia and 1 primarily for samples from Ontario. Support for most groupings within these clades was not strong. The neighborjoining tree (Fig. 2) is characterized by having generally low bootstrap support for most clades within Nova Scotia (Hasegawa-Kishino-Yano model [Hasegawa et al. 1985 ] þ gamma [a ¼ 0.4054]). All but 3 of the haplotypes from Ontario grouped basally to samples from Nova Scotia and the haplotypes from Ontario generally had stronger support.
Using statistical parsimony as implemented in TCS vers. 1.13, a network for the CR haplotypes of G. volans was constructed (Fig. 3) . The parsimony limit for this data set was 8 steps. The 1 sample from Arkansas exceeded this limit and was therefore not connected to the network. This network was used to nest the haplotypes and clades in hierarchical fashion to be analyzed using the program GeoDis vers. 2.0. Successive nesting levels are enclosed by boxes and designated by values indicating the clade level and clade number (i.e., clade 1-1 is the first 1-step clade and includes haplotypes 1, 3, and 4). Using the nesting levels outlined, the 1st step of the nested clade analysis yielded significant results for several clades. Clades 2-4, 4-1, and the total cladogram all had highly significant (P , 0.05) chi-square values. Clade 3-5 and 4-2 also had values that approached significance (P ¼ 0.099 and P ¼ 0.079, respectively).
The 2nd step of the analysis led to a variety of biogeographic inferences. For many comparisons, the null hypothesis of no geographical association was not rejected (i.e., clades 1-14, 3-1, and 3-5). Inadequate geographic sampling was inferred for clade 1-20 and the outcome for clade 3-2 was inconclusive because the subclades that formed this larger clade were all interior clades. Clade 2-4, a star-shaped cluster of haplotypes, was inferred to have undergone contiguous range expansion. This type of range expansion is characterized by leading-edge, short-distance dispersal as opposed to range expansion conducted through long-distance dispersal (Hewitt 1996; Templeton et al. 1995) . For clade 4-1, in which clade 2-4 is nested, an inference of past fragmentation then range expansion was obtained.
Mismatch distributions for both clades 2-4 and 4-1 were unimodal and did not differ from the expected distribution (sum of squared deviations [SSD] 2-4 ¼ 0.001, P ¼ 0.92; SSD 4-1 ¼ 0.03, P ¼ 0.16). Using tau (s), range expansion was dated at 16,000 years ago (4,000-37,000 years ago; 95% confidence interval [95% CI]) and 32,000 years ago (11,000-56,000 years ago; 95% CI) for clades 2-4 and 4-1, respectively.
Allopatric fragmentation was inferred for clade 2-7. Clade 4-2 was inferred to have undergone past gene flow followed by extinction of intermediate haplotypes. Finally, at the level of the total cladogram, allopatric fragmentation was again inferred (note that this inference assumes that clade 4-2 is an interior clade).
DISCUSSION
The accumulated Cytb data presented indicate little variation across the entire range of G. volans, which may be indicative of rapid postglacial expansion. However, the strength of this conclusion is limited because the 315 nucleotides of Cytb analyzed contained only 10 variable sites, and a relatively small number of samples was analyzed, particularly from the United States. An alternate hypothesis to explain the homogeneity of the Cytb data of G. volans is the occurrence of a selective sweep of an adaptive mitochondrial mutation (sensu Charlesworth 1992). It is not possible to distinguish between rapid range expansion and a selective sweep in G. volans without more data, including an analysis of nuclear genes.
Pairwise genetic distances generated from the Cytb sequences may be useful for evaluating possible taxonomic differences between G. volans from Nova Scotia and populations from Ontario and the United States. Bradley and Baker (2001) surveyed Cytb sequence data from several groups of bats and rodents and determined that values of less than 2.0% sequence divergence were indicative of intraspecific variation. This corresponds to the Cytb distance values observed in this study of G. volans (0.0-1.5%). Although this range of values is considerably larger than that reported by Arbogast (1999; 0.0-0.6%) , this reflects the inclusion of additional specimens that significantly extended the sampled range southwest into Arkansas and north into Ontario and Nova Scotia. The Cytb data alone do not present a case for genetic uniqueness of the population of G. volans found in Nova Scotia. For the Cytb gene, the samples from Nova Scotia are virtually identical to those from Ontario (pairwise genetic distance ¼ 0.3% 6 0.2%).
Given the lack of variation at the Cytb locus, CR sequences were analyzed. The 1st assessment to be made was whether the population of G. volans in Nova Scotia has experienced a bottleneck event or if they have been relatively abundant since they were isolated. Of the 20 CR haplotypes found in Nova Scotia, only 2 (Hap1 and Hap11) were common. Together, these 2 haplotypes were found in 58.5% of individuals sampled. The presence of 2 very abundant haplotypes and the absence of any shared haplotypes between Ontario and Nova Scotia may be indicative of a loss of variation in G. volans in Nova Scotia. It is unclear from the relatively few intraspecific studies of squirrels how many haplotypes should be expected using CR sequence data. In rodents, haplotype diversity has varied enormously in different studies. In a study of subterranean mole rats (Spalax ehrenbergi), Reyes et al. (2003) identified 51 haplotypes in 60 individuals. In contrast, Barratt et al. (1999) found that 201 of 227 Eurasian red squirrels (Sciurus vulgaris) possessed the same CR haplotype. Among flying squirrels, the apparent reduction in CR variation in the population of G. volans from Nova Scotia was not as extreme as that observed in an insular population of G. sabrinus by Bidlack and Cook (2001) . They observed the same CR haplotypes in 21 of 22 individuals sampled, which they interpreted as evidence of a founder event. The population of G. volans from Nova Scotia is more similar in haplotype diversity to that observed in 2 mainland populations of G. sabrinus in Alaska. Specifically, Bidlack and Cook (2001) estimated haplotype diversities of 0.87 and 0.85 for 1 nearshore and 1 interior population, respectively. Because each of these studies of genetic variation in squirrels used different sampling regimes and sequenced different portions of the CR, it is difficult to do more than make broad comparisons between them. More meaningful inferences can be drawn from the results of the nested clade analysis, particularly when interpreted in light of the biogeographic history of the region. Using palynological (pollen core) evidence to trace the expansion of mast-producing trees that are critical for G. volans, a biogeographic hypothesis can be constructed to explain how and when G. volans came to be isolated in Nova Scotia. G. volans relies on stored nuts to survive the winter because it does not hibernate (Dolan and Carter 1977) . Nuts from various trees such as beech (Fagus), hickory (Carya), and, particularly in northern regions, oak (Quercus) are important food sources for this species (Weigl 1969) . Consequently, the distribution of G. volans should have tracked the movement of oak forests during the Holocene. Starting approximately 8,000 years ago, during the hypsithermal period of the Holocene, temperatures reached a post-Wisconsin maximum (Davis 1976) . Oak forests expanded northward and reached their maximum extent in Nova Scotia between 9,000 and 7,100 years ago (Bernabo and Webb 1977; Levac 2001) . After the hypsithermal, the climate cooled and species ranges started to shift southward again. Between 7,000 and 2,000 years ago, the northern edge of the oak forests retreated to southern Maine (Bernabo and Webb 1977) . The loss of suitable habitat could have trapped a population of G. volans in southwestern Nova Scotia, where oak habitat is maintained today as a result of milder winter conditions due to the moderating effects of the Gulf Stream current (Simmons et al. 1984) .
Although the number of inferences that could be drawn from the nested clade analysis was somewhat limited, those inferences that were significant can be interpreted in light of this biogeographic hypothesis. For example, the inference of previous gene flow with extinction of intermediate population for clade 4-2 corresponds to the hypothesized expansion of G. volans into Canada during the hypsithermal. At this time, the Carolinean forest was much more extensive throughout southeastern Canada, facilitating gene flow across this region. As the climate cooled and oak forests were replaced by boreal forest, intermediate populations would have been lost. G. volans would have been isolated in southwestern Nova Scotia through the loss of suitable habitat in Quebec, New Brunswick, and central Nova Scotia. The remaining population from Nova Scotia may also have experienced 1 or more bottlenecks and population rebounds during subsequent millennia, as average temperatures rose and fell during the last 8,000 years (Pielou 1991) . The inference of contiguous range expansion for clade 2-4 is consistent with 1 such hypothesized expansion of G. volans, notably around 2,000 years ago. Palynological data gathered by Levac (2001) suggests a 2nd peak in oak pollen deposits in Atlantic Scotia Shelf cores dating to approximately 2,000 years ago. If we assume that the primary split between the populations of G. volans from Nova Scotia and Ontario dates to approximately 8,000 years ago, we can use the clock calibration function in MEGA vers. 2.1 (Kumar et al. 2001) to date the formation of the polytomy (clade 2-4) that represents the range expansion event within Nova Scotia at approximately 2,000 years ago. This date is in agreement with the oak pollen   FIG. 2. -Neighbor-joining tree (Hasegawa-Kishino-Yano þ gamma distances) generated from control region sequence haplotypes. Bootstrap values greater than 50% are indicated above branches. Location codes follow standard 2-letter notation for provinces and can be found in Appendix I. data of Levac (2001) . Although the convergence of this molecular and palynological data is compelling, the proposed phylogeographic history of G. volans in Nova Scotia should be treated as a working hypothesis, particularly because the range expansion inferred for clade 2-4 occurred much earlier (16,000 years ago) according to calculations using tau (s). Examination of these data suggests that the range expansion seen in clade 2-4 is a result of the initial expansion after the last ice age, not a more recent localized event. An inherent limitation of nested clade analysis and similar analyses is that the simplest or most parsimonious explanation is favored even though the true history may be more complex (Knowles and Maddison 2002) . Multiple colonization events of Nova Scotia may have occurred during the hypsithermal, and after isolation, the range could have expanded, collapsed, or shifted. Mismatch distribution analysis supported the inferences of range expansion for those clades identified by nested clade analysis, thereby providing additional support to our hypothesis. However, further studies of the phylogeography of G. volans should include additional samples from Ontario and New England and should incorporate data on nuclear gene divergence.
Conservation implications.-Using molecular data has become a common way to identify species and populations that warrant special conservation status. However, the criteria for what constitutes a significant genetic difference are still contentious (Avise 1989; Crandall et al. 2000) . In defining an evolutionarily significant unit for conservation purposes, many authors consider geographic isolation in conjunction with unique adaptations to be the most important characteristics (Ryder 1986; Waples 1991) . With the increased application of molecular techniques, the evolutionarily significant unit concept has changed so that units are identified primarily on the basis of genetic differences (Moritz 1994) . Crandall et al. (2000) have proposed a system that incorporates both ecological and genetic data to distinguish an evolutionarily significant unit. In the case of G. volans in Nova Scotia, ecological data are currently lacking. The geographic isolation and restricted range of G. volans in Nova Scotia (Lavers et al. 2006) should alert wildlife biologists that this population is an important unit for conservation purposes. Moritz's (1994) definition of an evolutionarily significant unit is a group that is ''reciprocally monophyletic for mtDNA alleles.'' This is not the case for G. volans in Nova Scotia. However, this does not mean that the population of G. volans in Nova Scotia is not worth conserving. As Crandall et al. (2000) suggest, ecological exchangeability also should be investigated. G. volans in Nova Scotia appears to be significantly smaller in body size than conspecifics (A. Lavers, pers. comm.) and may be adapting to local conditions in Nova Scotia. Although not the case for the mitochondrial data examined here, disjunct and peripheral populations may harbor unique genetic variation that is evolutionarily significant (Losos and Glor 2003) . Lomolino and Channell (1995) found that for mammals, ranges tend to collapse toward the edges of the historic range and rarely into the core. Disjunct and peripheral populations may, therefore, be important to the process of peripatric speciation, a type of allopatric speciation where a peripheral population becomes isolated and speciates (Frey 1993) . Although the case would be stronger if clear genetic distinctiveness had been observed between the populations from Nova Scotia and Ontario, a conservative approach should be taken with the population of G. volans in Nova Scotia until its population genetic structure has been more thoroughly explored.
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